The cellular pathways of motor neuronal injury have been investigated in the SOD1 G93A murine model of familial amyotrophic lateral sclerosis (ALS) using laser-capture microdissection and microarray analysis. The advantages of this study include the following: analysis of changes specifically in motor neurons (MNs), while still detecting effects of interactions with neighboring cells; the ability to profile changes during disease progression, an approach not possible in human ALS; and the use of transgenic mice bred on a homogeneous genetic background, eliminating the confounding effects arising from a mixed genetic background. By using this rigorous approach, novel changes in key cellular pathways have been detected at both the presymptomatic and late stages, 
Introduction
Amyotrophic lateral sclerosis (ALS) is one of the most common adult-onset neurodegenerative diseases, characterized by progressive and relatively selective degeneration of upper and lower motor neurons, leading to progressive atrophy and weakness of skeletal muscles and eventually death, which usually results from respiratory muscle failure. ALS occurs in both sporadic and familial forms, clinically indistinguishable, with an incidence of 1-2 per 100,000 individuals. Approximately 10% of cases are familial, and 20% of these have been linked to a dominant mutant form of the Cu/Zn superoxide dismutase 1 (SOD1) enzyme (Rosen et al., 1993) .
Transgenic mice carrying mutant forms of SOD1 develop a neuromuscular disease very similar to human ALS in both phenotype and histopathological hallmarks, such that mutant SOD1 mice are considered a reliable model for ALS and have been widely used in ALS research. Apart from the 2% of cases carrying an SOD1 mutation, the cause(s) of ALS is still primarily unknown, and the high proportion of sporadic cases suggests that this disease is multifactorial in origin.
Although extensive studies have been undertaken to understand disease pathogenesis in ALS, the causes of selective degeneration of motor neurons are still incompletely understood. Multiple different mechanisms have been shown to contribute to motor neuron injury in ALS, including mitochondrial dysfunction, oxidative stress, glutamate excitotoxicity, disrupted axonal transport, and inflammation (Cleveland and Rothstein, 2001; Dupuis et al., 2004a; Shaw, 2005; Browne et al., 2006) . Whether these mechanisms are related, and at which stage of the disease they become operational, is still controversial. The use of murine mutant SOD1 models has indicated that the development of the pathology requires interaction between motor neurons and other cell types (Boillee et al., 2006) . In fact, the targeted expression of mutant SOD1 either in motor neurons (Pramatarova et al., 2001; Lino et al., 2002) or in astrocytes (Gong et al., 2000) does not provoke an ALS phenotype. Clearly, it is important to study motor neuron injury in ALS as it occurs in the complex environment of interaction with neighboring cells in the adult CNS. Obtaining a complete picture of which biochemical pathways are altered within degenerating motor neurons and pinpointing at which stage of the disease these changes happen represents an interesting challenge, which may be helpful in the identification of targets for therapeutic intervention at a stage at which dysfunctional motor neurons may still be salvageable.
Microarray analysis has been applied to the study of ALS to investigate gene expression in whole spinal cord homogenates of SOD1 G93A mice and human ALS cases, although the massive presence of glial cells and inflammatory factors has made it difficult to define which gene expression changes were motor neuron specific (Malaspina et al., 2001; Olsen et al., 2001; Yoshihara et al., 2002) . Recently, laser-capture microdissection (LCM), combined with microarray analysis, has allowed the identification of motor neuron-specific changes in gene expression in human ALS cases (Jiang et al., 2005) .
The aim of the present study is to combine LCM and microarray analysis to study how motor neurons in the spinal cord of transgenic SOD1 G93A mice and transgenic wild-type (WT) SOD1 respond to stimuli determined by the presence of the human mutant protein throughout the evolution of the stages in motor neuron injury, which is impossible when using human postmortem tissue. Evaluation of the mouse model of ALS has key advantages because it allows the CNS to be analyzed at different stages of disease and without the confounding effects of biological alterations attributable to postmortem delay from death until freezing of the tissue. Our mouse model, moreover, compared with the ones used in previous studies, has the advantage of being bred on a homogeneous background. This reduces the variability in the identification of key stages in disease progression by ϳ50% compared with results obtained from mice with a mixed genetic background (Heiman-Patterson et al., 2005) , giving more consistent and reliable results and reducing the likelihood of spurious gene expression differences emerging from microarray analysis.
In this study, particular interest has been directed to the presymptomatic stage when the earliest transcriptional alterations occur and novel changes are reported in the motor neuron transcriptome before the onset of clinical signs of motor weakness. The presence of both impaired and enhanced functions at this presymptomatic stage indicate potential pathways involved in the earliest stages of motor neuron injury, as well as the attempted compensatory response by motor neurons to the cellular stress induced by the presence of mutant human SOD1 (hSOD1).
Materials and Methods
Murine SOD1 G93A transgenic mouse model. Transgenic mice B6SJL-Tg (SOD1-G93A) 1 Gur/J high copy number were backcrossed onto C57BL/6J Ola-Hsd (Harlan UK, Bicester, UK) for Ͼ20 generations to eliminate the SJL dysferlin mutation (Bittner et al., 1999) and to achieve a homogeneous genetic background more suitable for microarray studies. This homogeneous background reduces the variability in the end point of the disease by 50% compared with the variability published for the mixed background (Heiman-Patterson et al., 2005) . Male mice overexpressing the human mutant SOD1 G93A (SOD1 G93A), and their gender-matched nontransgenic littermates (LM) (G93A LM), and transgenic mice overexpressing hSOD1 WT, and their nontransgenic LM (WT LM) were used. Brain and spinal cord were collected at three different stages of disease: presymptomatic (60-d-old mice), symptomatic (90-dold mice), and late (120-d-old mice). All the experiments on mice were performed according to United Kingdom Home Office regulations.
Sectioning and tissue staining for LCM. Mice were perfused with a 30% sucrose solution, and the CNS was dissected and frozen. Lumbar spinal cord frozen sections (10 m) were fixed (70% ethanol, 30 s), washed (DEPC-treated water, 30 s), and stained with toluidine blue (1 min).
They were then washed and dehydrated through graded ethanol concentrations (70, 90, and 100%) and xylene.
Microdissection and RNA quality control. From each animal, 1000 motor neurons were isolated using a PixCell II laser-capture microdissection system (Arcturus Bioscience, Mountain View, CA). RNA was extracted using the PicoPure RNA Extraction kit according to the manufacturer's protocol (Arcturus) and typically yields 60 ng of RNA. The quantity (NanoDrop 1000 spectrophotometer) and the quality (2100 bioanalyzer, RNA 6000 Pico LabChip; Agilent, Palo Alto, CA) of this starting RNA were analyzed, and samples were only taken forward if the quality was satisfactory as indicated by the absence of degradation of the ribosomal RNA (representing 90 -95% of the total RNA).
Amplification and microarray hybridization. Linear amplification of RNA was performed following Eberwine's procedure (Van Gelder et al., 1990 ) using the RiboAmp Amplification kit (Arcturus). Briefly, this method uses an oligo-dT primer containing a T7 polymerase promoter site. After generation of double-stranded cDNA, copy RNA (cRNA) is transcribed, and this then forms the RNA template for a second round of amplification. At the end of this round, after the synthesis of doublestranded cDNA, in vitro transcription produces biotin-labeled cRNA (GeneChip Expression 3Ј-Amplification reagents for in vitro transcription labeling; Affymetrix, Santa Clara, CA), which can then be hybridized to the GeneChip. On average, 60 ng of RNA produced 50 g of labeled cRNA after two rounds of linear amplification. The amplified cRNA was then analyzed for quality (Agilent 2100 Bioanalyzer, RNA 6000 Nano LabChip) and quantity (NanoDrop 1000 Spectrophotometer). Following the manufacturer's protocol, 10 g of cRNA was fragmented (GeneChip reagents; Affymetrix) and hybridized to Mouse Genome 430A GeneChip (Affy MOE430A). Twelve chips (three SOD1 G93A vs three G93A LM and three SOD1 WT vs three WT LM) were hybridized at each time point according to Affymetrix protocols. After overnight hybridization at 42°C, the GeneChips underwent stringency washes in a GeneChip Fluidics Station 400 (Affymetrix) and were scanned with a laser at high resolution (GeneChip Scanner 3000; Affymetrix). The results were analyzed initially using GeneChip operating software, which automatically acquires and analyzes image data and computes an intensity value for each transcript. The data were subsequently processed using ArrayAssist (Iobion Informatics, La Jolla, CA) to statistically analyze changes in gene expression in the presence of the SOD1 G93A transgene or of the WT hSOD1 transgene. Transcripts were defined as differentially expressed between the transgenic mice and the littermate controls if there was a twofold or greater difference in the gene expression level, plus a p value of Ͻ0.05. The statistical test applied by the ArrayAssist program was an unpaired two-tailed t test.
Data analysis. Differentially expressed probes were classified according to GeneOntology terms (GeneOntology allows classification of genes according to their molecular function, biological process, cellular component, and chromosomal localization). To identify specific pathways involved in the development of the disease, PathwayArchitect (Iobion Informatics) and GenMAPP 1.1 were also used.
Real-time PCR. RNA was extracted from ϳ3500 cells, microdissected as described previously from the spinal cord of six male mice, three SOD1 G93A and three nontransgenic LM, at the presymptomatic stage. Typical yields contained ϳ200 ng of RNA. After quantitative and qualitative analysis, 150 ng of RNA was reverse transcribed to cDNA using Superscript II reverse transcriptase according to the manufacturer's protocol (Invitrogen, San Diego, CA). Samples were diluted to the concentration of 12.5 ng/l and used for quantitative reverse transcription-PCR (Q-PCR). The remaining 50 ng of RNA was amplified using the two-cycle linear amplification protocol from the RiboAmp Amplification kit (Arcturus) as described previously. Further quantitative and qualitative analysis followed the amplification process, and these amplified samples were diluted to the concentration of 12.5 ng/l for Q-PCR.
Necdin (Ndn), malate dehydrogenase 1 (Mdh1), and cyclin I (Ccni) were chosen to validate the consistency of results obtained by real-time PCR using both amplified and unamplified RNA extracted from motor neurons from G93A mice and LMs at the presymptomatic stage.
Because of the reduced numbers of motor neurons present in the spinal cord of mice at the symptomatic and late stages of the disease, RNA was collected from 1000 motor neurons from six SOD1 G93A mice, three per stage, and their LM, and the RNA was amplified by two cycles of amplification, as described previously, for use in Q-PCR.
Primers were designed to validate significant changes, reported by microarray results, in the expression of selected genes (Table 1) . These genes were chosen for further analysis because of their primary role in pathways of particular interest for the development of the disease. Primer concentrations were optimized by testing seven different conditions, combining differing forward and reverse primer concentrations, using 3 g of mouse universal RNA (Stratagene, La Jolla, CA) reverse transcribed to cDNA using Superscript II reverse transcriptase.
Q-PCR was performed using 12.5 ng of cDNA, 1ϫ SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), and concentrations of forward and reverse primers as just described, to a total volume of 20 l. After an initial denaturation at 95°C for 10 min, templates were amplified by 40 cycles of 95°C for 15 s and 60°C for 1 min, on an MX3000P Real-Time PCR System (Stratagene). At the end, a dissociation curve was generated to ensure amplification of a single product and absence of primer dimers.
After defining the optimal final primer concentration for each of the genes (Table 1) , a standard curve was generated to determine the efficiency of the PCR over a wide range of template concentrations, from 25 to 0.3 ng/l. The efficiency of the PCR for every set of primers was 95 Ϯ 5%, such that gene expression values, normalized to Gapdh expression, could be determined using the ddCt calculation (ABI PRISM 7700 Sequence Detection System protocol; Applied Biosystems). Gene expression levels for each gene in G93A mice are shown as relative concentrations. The unpaired two-tailed t test was used to analyze the data and to determine the statistical significance of any differences in gene expression [GraphPad (San Diego, CA) Prism 5].
Gapdh was chosen as a housekeeping gene to normalize the Q-PCR values because the microarray analysis showed that its expression was stable at every stage of the disease within the transgenic mice, and the expressed values obtained from motor neurons of SOD1 G93A mutant mice were comparable to those obtained for the corresponding control mice.
Results

Mice
Transgenic mice C57BL/6J (SOD1-G93A) carry ϳ20 copies of transgenic G93A hSOD1 and develop a neurodegenerative disease reproducing both phenotypic and histopathologic characteristics of human ALS. Briefly, these mice at birth appear identical to their nontransgenic LM and are identified by PCR screening for hSOD1, using DNA extracted from tail biopsies. The presymptomatic stage lasts for ϳ75 d, after which the mice start to develop tremors and loss of the hindlimb splaying reflex. Their disease course progresses quickly, leading to reduction in gait length and impairment of motor performance on rotarod, with progressive paralysis initially of the hindlimbs, culminating in total paralysis and death at ϳ140 d (SD, Ϯ6). This disease course dictated the time points chosen for this study: 60 d was chosen as the presymptomatic stage, 90 d was chosen as the symptomatic stage, and 120 d was chosen as the late stage of the disease.
Microarray analysis
The transcription profiles of motor neurons isolated using LCM from lumbar spinal cords from three male SOD1 G93A mice and three male nontransgenic G93A LM at 60, 90, and 120 d were generated using the murine GeneChip Mouse Genome 430A (Affy MOE430A). Between 22 and 27% of the 22,000 probes arrayed on the GeneChip were detected as present in the isolated motor neurons of the mice at each time point.
To identify genes differentially expressed in the presence of SOD1 G93A, comparisons were made between the transcription profiles of motor neurons from transgenic mice expressing the mutant protein (G93A) and nontransgenic littermate mice (G93A LM) for each age group using the analysis software ArrayAssist version 4.0. Transcripts were defined as significantly differentially expressed if the expression levels in the SOD1 G93A mice showed a fold change of Ն2 with a p value of Ͻ0.05.
To identify genes differentially expressed in the presence of SOD1 WT, the transcription profiles of motor neurons isolated using LCM from lumbar spinal cords from three male SOD1 WT mice and three male WT LM at 60, 90, and 120 d were generated using the same microarray chips used for the SOD1 G93A mice (Affy MOE430A). Between 23 and 30% of the 22,000 probes arrayed on the GeneChip were detected as present in the six groups (SOD1 WT and WT LM for each time point) of isolated motor neurons. During the analysis, the same criteria used for selecting the differentially expressed genes in the SOD1 G93A mice were applied.
Genes showing significantly altered expression levels in SOD1 G93A mice, either at more than one time point or in a key pathway of particular interest for the development of the disease, were selected for further investigation by Q-PCR (Table 2) .
Comparison between amplified and unamplified RNA To validate the consistency of results obtained by real-time PCR using both amplified and unamplified RNA extracted from mo- 
Motor neurons from SOD1 WT mice
The comparison between SOD1 WT mice and the WT LM showed very few changes for each time point, and none of the significant changes in gene expression was present at more than one time point (Table 3) . At 60 d, of the 13 genes showing altered expression, three are also altered at the same age in the SOD1 G93A mice. Two of them, F-box and WD-40 domain protein 11 (Fbxw11) and translocation protein 1 (Tloc1), show expression changes in opposite directions in WT compared with SOD1 G93A mice. However, proteolipid protein (myelin) 1 (Plp1) is upregulated in both genotypes and therefore has been excluded from further investigation. None of the probes whose expression was altered in motor neurons expressing SOD1 WT at 90 and 120 d were altered in motor neurons carrying SOD1 G93A. At 90 d, the number of differentially expressed genes between SOD1 WT mice and their LM is only four, and, categorized by function, they do not belong to any specific class (Table 3) .
At 120 d, the number of genes showing altered expression is 16, with an increase in myosin heavy polypeptide 1 and 4 mRNA levels, which are not altered in SOD1 G93A mice (Table 3) .
Motor neurons from SOD1 G93A mice at the 60 d (presymptomatic) time point The analysis of SOD1 G93A mice at 60 d showed a significant change in the transcription profile of 252 genes when comparing SOD1 G93A mutant mice with their nontransgenic LM (Table 4) . Two hundred thirty-four transcripts were increased in the presence of mutant SOD1 G93A, and 18 were decreased. Differentially expressed genes have been categorized according to their molecular function and include genes involved in transcriptional regulation, antioxidant and stress responses, apoptosis, protein degradation, and synthesis and metabolism (Table 4) .
The SOD1 G93A mice show a significant increase in genes controlling both transcriptional and translational functions. Of particular interest is the increase in necdin (Ndn), confirmed also by Q-PCR ( p ϭ 0.04) (Fig. 1 A) , and transforming growth factor ␤1 induced (Tgf1bi), essential in the regulation of the transcription process and involved in the activation of several pathways, including the nuclear factor-kB (Konig et al., 2005) and c-Jun (Parkinson et al., 2004) pathways.
At this presymptomatic stage, significant changes occur also in genes involved in lipid and carbohydrate metabolism. As indicated by pathway analysis (GenMAPP 1.1), several upregulated transcripts are key enzymes belonging to the fatty acid degradation pathway (e.g., L-3-hydroxyacyl-coenzyme A dehydrogenase and sterol carrier protein 2) as well as enzymes belonging to the Krebs cycle [e.g., dihydrolipoamide S-acetyltransferase (E2 component of pyruvate dehydrogenase complex) and malate dehydrogenase 1 (Mdh1)]. Q-PCR of Mdh1 showed a trend toward upregulation, but it did not reach statistical significance ( p ϭ 0.37) ( Table 2 ). In addition, many transcripts encoding for proteins belonging to complex I, II, and IV of the electron transport chain are strongly upregulated (up to fivefold changes), as well as three subunits of ATP synthase. These data suggest that, at this stage of the pathology, motor neurons have an increased requirement for ATP. Surprisingly, only one of the transcripts involved in the mitochondrial respiratory chain arrayed on the GeneChip was downregulated. This probe encodes for the ␦ subunit of the mitochondrial F1 complex of ATP synthase (Atp5d), which is responsible for the coupling between the energy produced by proton translocation within the F 0 subunit of the ATP synthase and ATP production (Duvezin-Caubet et al., 2003) . Downregulation of this transcript has also been observed in the spinal cord gray matter of ALS patients (Dangond et al., 2004) . As a key regulator of ATP production, this gene was chosen for further investigation, and its decreased expression was confirmed by Q-PCR ( p ϭ 0.01) ( Table 2) . ATP synthase ␥ polypeptide 1 (Atp5c1) was also selected for further validation because of its important role in ATP synthesis. This subunit has a central role in proton translocation between F 1 and F 0 components of the ATP synthase complex, and it directly interacts with Atp5d. Its upregulation was confirmed by Q-PCR ( p ϭ 0.0036).
All these mitochondrial proteins are encoded by nuclear genes and then translocated into the inner or outer mitochondrial membranes as preproteins. Specific ligands in the cytosol are responsible for the binding and transport of mitochondrial preproteins (Young et al., 2003) , and the protein translocation machinery in the outer mitochondrial membrane transfers the preproteins into the mitochondrion. Key proteins responsible for this translocation are translocase of outer mitochondrial membrane 20 (Tom20) and the heat shock proteins 70 and 90 (Hsp70 and Hsp90) (Young et al., 2003) . Both Tom20 and Hsp90 are upregulated at the early stage of the disease (Table 4) , supporting the data showing an increase in transcripts encoding for proteins active in the mitochondrial machinery, including proteins belonging to the respiratory chain, Krebs cycle, and lipid metabolism.
Other categories of upregulated genes are those involved in both protein folding (heat shock protein family) and protein degradation (ubiquitin system), suggesting that there is a high turnover of motor neuronal proteins at this presymptomatic stage of the disease. Activation of the ubiquitin system in ALS has been investigated in relation to the presence of SOD1 aggregates in the spinal cord of transgenic mice at various stages of the disease (Wood et al., 2003; Basso et al., 2006) . Although SOD1 transgenic mice show the presence of both ubiquitinated inclusions and SOD1 aggregates, their colocalization has not been clearly proven (Basso et al., 2006) . Ubiquitination is a physiological mechanism that regulates protein targeting and degradation. Its correct functioning, along with the proteasome and the protein chaperoning system, is fundamental to maintain a balanced level of cellular proteins, which otherwise tend to aggregate into insoluble complexes (Kabashi and Durham, 2006) . The compensatory pathological increase of genes involved in the transcriptional process and protein synthesis observed in our study may lead to a dramatic imbalance between protein synthesis and protein degradation in a situation in which the altered solubility of the mutant SOD1 protein has probably perturbed the function of the ubiquitin-proteasome system (Shinder et al., 2001; Kabashi and Durham, 2006) .
Vimentin, an intermediate filament, is one of several cytoskeletal proteins differentially expressed. In addition, two members of the kinesin family (Kif1b and Kif5b) and their receptor kinectin, involved in anterograde axonal transport and endoplasmic reticulum development (Vedrenne and Hauri, 2006) , are also upregulated. Because of the important involvement that axonal transport has in the development of motor neuron degeneration, Kif1b and Kif5b were selected for confirmation by Q-PCR. The results at 60 d show an increase in both Kif1b ( p ϭ 0.09), which is confirmed at 90 d ( p ϭ 0.04), and Kif5b ( p ϭ 0.01) ( Table 2 ).
Motor neurons from SOD1 G93A mice at the 90 d (symptomatic) time point
At the symptomatic stage of the disease, the comparison between transgenic mice and LM shows less differentially expressed genes, with increases in the expression of 32 transcripts and decreases in the expression of 19 transcripts (Table 5). Categorized by function, alterations occur in multiple functional classes, and, with fold changes not much higher than 2, it is difficult to define a general upregulation or downregulation within specific functional classes (Table 5) .
Nevertheless, one of the categories showing the greatest alteration in gene expression at disease onset is related to transcriptional regulation. Genes belonging to this category still show increased expression, as previously shown at 60 d, although they occur in different transcripts, such as Iroquois-related homeobox 3 (Irx3). Smaller fold changes are also found in genes encoding for proteins involved in signaling (Table 4 , Signaling and Kinases/ phosphatases) and in nuclear activity, although transcripts are both upregulated and downregulated in both classes. Among the proteins with a role in signaling function, of particular interest is the upregulation of casein kinase 1 ␦ (Csnk1d). Csnk1d is involved in several pathways, including the DNA damage response, along with p53 and murine double-minute clone 2 protein (MDM2) (Winter et al., 2004) , the wingless (WNT) pathway (Price, 2006) , and in microtubule dynamics (Wolff et al., 2005) .
Interestingly, at this stage, increased expression in two genes involved in the regulation of the cell cycle is observed: one is cyclin I (Ccni), and the other is protein phosphatase 3 catalytic subunit ␣ (Ppp3ca), which is responsible for the transition from the G 1 phase to the S phase (Afroze et al., 2003) , and it is also involved in the WNT pathway (Kadoya et al., 2000) . Cyclin I is constitutively expressed in terminally differentiated cells, and its function is related to the negative control of the cell cycle rather than to its progression (Bennin et al., 2002) . Cyclin I showed a threefold increased expression at 90 d and a twofold increase at 120 d. Q-PCR showed a significant increase at 60 d ( p ϭ 0.04) and 120 d ( p ϭ 0.03), but at 90 d the increase was not significant ( p ϭ 0.1) (Fig. 1B) . Motor neurons from SOD1 G93A mice at the 120 d (end-stage) time point At 120 d, the transcription profile of the SOD1 G93A mutant mice compared with their nontransgenic LM shows a significant change in 167 genes, with 86 transcripts decreased in the presence of mutant SOD1 G93A and 81 transcripts increased (Table 6) . Consistent with results obtained by the analysis of the motor neuronal NSC34 cell line stably transfected with vector expressing hSOD1 G93A (Kirby et al., 2005) , at the late stage of the disease the transgenic mice show a marked degree of transcriptional repression. Key genes such as necdin (Ndn), transcription activation factor 9 RNA polymerase II (Taf9), RNA polymerase 1-1, and transforming growth factor ␤1-induced transcript 4 (Tgfb1i4 ) show decreased expression, although Ndn and Tgfb1i4 were upregulated at 60 d. The decreased expression of necdin was also been confirmed by Q-PCR (Fig. 1 A) .
Of particular interest are the alterations in genes implicated in axonal transport. There is increased expression of vimentin and Kif1b, along with the decreased expression of the light chain of the cytoplasmic dynein (Dnclc1). Kif1b upregulation has been confirmed by Q-PCR at both the symptomatic and the late stages of disease (Table 2) , whereas Dnclc1 decrease is not significant at any of the stages analyzed.
At the 120 d stage of the disease, there is increased expression in some genes involved in the immune system, belonging to the first steps of the complement cascade (i.e., C1q and C4), and these changes were not detected by microarray analysis at earlier stages. C1q upregulation was selected for further analysis using Q-PCR, and, with this technique, a trend toward increased expression was detected at 90 d ( p ϭ 0.07) and significantly increased expression was observed at 120 d ( p ϭ 0.0098) ( Table 2) .
Interestingly, in support of the hypothesis that oxidative stress may play a role in ALS, genes involved in antioxidant activity and the stress response are significantly decreased, underlining a deficit in this important cellular defense. In contrast, protein degradation pathways are predominantly increased, providing additional evidence of cellular stress. Surprisingly, because motor neurons are postmitotic cells, multiple cell cycle proteins including cyclins related to the cell cycle re-entry [e.g., cyclin L1 (Ccnl1)] (Redon et al., 2002) and regulating the first steps of the cell cycle [e.g., cyclins E2 and D2 (Ccne2 and Ccnd2)] show increased expression at this late stage of disease. Q-PCR data detected an age-dependent increase in the three cyclins from the presymptomatic stage of the disease, with undetectable expression levels of cyclin E2 in control tissues, as expected. At 90 d, although the increase in the expression of cyclin I and cyclin D2 is still detected, it does not reach statistical significance, which is reached at the late stage of disease as reported in the microarray study (Fig. 1 B) .
Comparison of gene expression changes at the three time points
Comparing the profiles of significant gene expression changes obtained for the three stages of the disease, it appears that many of the genes, the expression of which is upregulated at 60 d, are downregulated at 120 d (Fig. 2) . Interestingly, oxidoreductase activity and transcriptional and translational processes seem to be the most affected by the progression of the disease, showing a complete inversion in the direction of gene expression changes from the 60 d to the 120 d time point. Significant changes in the expression level have been observed for 20 transcripts common to the apparent presymptomatic and the late stage of the disease: three of them belong to the carbohydrate metabolism (malate dehydrogenase 1, isopentenyldiphosphate ␦ isomerase, E2 component of pyruvate dehydrogenase complex), and two have oxidoreductase activity (cytochrome c oxidase subunit VIc, NADH dehydrogenase (ubiquinone) 1␣ subcomplex 1). Although the microarray results show a significant increase in the expression of Mdh1 at the presymptomatic stage, Q-PCR detects a trend for increased expression at both presymptomatic and symptomatic stages.
Significant expression changes have been found in Ndn and Tgfb1i4, which were increased, respectively, 4.62-and 2.7-fold at 60 d and decreased 3-fold and 2-fold at 120 d. Ndn alterations have been also confirmed by Q-PCR (Fig. 1 A) Of particular interest are the changes in the expression of genes related to axonal transport. Vimentin and kinesin, upregulated at 60 d, are still both upregulated at 120 d, with an increase in the expression of vimentin with the progression of the disease and a slight decrease in the expression of kinesin (Table 2 , Q-PCR results). In contrast, dynein cytoplasmic light chain 1, already downregulated at 90 d, undergoes a further decrease in expression at 120 d.
Also of interest is the striking downregulation of plexin (Plxdc1) throughout the three stages of disease. Q-PCR data confirm these results (Fig. 1C) and suggest that there are undetectable levels of Plxdc1 mRNA in the G93A motor neurons.
Comparing the 90 d with the 120 d results, two genes involved in cell cycle progression altered at the symptomatic stage are still altered at the late stage of the disease. However, whereas cyclin I is still upregulated, in contrast, protein phosphatase 3 catalytic subunit ␣, responsible for the G 1 /S transition, is upregulated at 90 d but is downregulated in the late phase of the disease.
Discussion
In this study, microarray technology, combined with LCM, has enabled detection of motor neuron-specific changes in multiple gene classes in response to the presence of the mutant SOD1 protein. The approach we have used has several key advantages over previous gene expression profiling studies in ALS and models of the disease: (1) analysis of gene expression changes specifically in motor neurons, uncontaminated by changes occurring in other cell types such as glia within the CNS; (2) analysis of gene expression profiles in motor neurons that have been extracted from an environment (lumbar spinal cord) where cross talk with neighboring glial cells could take place, which has important advantages over the study of transcriptional changes identified in motor neurons cultured in isolation; (3) the use of the murine model has allowed disease-related gene expression changes to be Eukaryotic translation initiation factor 3, subunit 8 3.04 (Table continues) identified at various time points in the disease course, an approach not possible in human postmortem tissue; and (4) the transgenic murine model used in this study has been bred on a homogeneous genetic background, eliminating the potential confounding effects arising from mice with a mixed genetic background. By using this rigorous approach, we have identified novel and important cellular pathway changes at an early and presymptomatic stage in SOD1-related motor neuron injury and several changes at the late stage of motor neuron injury that have not previously been emphasized.
Previous studies aiming to determine transcriptional changes in transgenic mice using homogenates of whole spinal cord have primarily detected changes in inflammation and apoptosis-related genes (Malaspina et al., 2001; Olsen et al., 2001; Yoshihara et al., 2002) . However, these results have not been confirmed by LCM and microarray studies conducted on a motor neuron population (Perrin et al., 2005) . Similarly, gene expression profile studies conducted on human tissues using spinal cord gray matter (Dangond et al., 2004) show changes in keeping with astrogliosis that are absent from isolated motor neurons (Jiang et al., 2005) . Several factors could account for the lack of detection of significant transcriptional changes in apoptotic genes in the present study. First, one of the most common hallmarks of apoptosis is the activation of the caspase cascade, a class of proteins that are activated by posttranslational proteolytic cleavage that is not detectable by a transcriptional study. Evidence suggests that the apoptotic machinery is constitutively present in the cell and is activated through environmental stimuli (e.g., unfolded protein accumulation and inhibition of survival pathways) (Desagher et al., 2005) . An alternative explanation is that a pathway different to apoptosis is responsible for the motor neuronal death observed in the G93A mice. In fact, at the late stages of disease, we detected signs of reactivation of the cell cycle, a mechanism that might lead to cell loss without activation of apoptotic genes. Finally, changes in pro-apoptotic genes less than twofold may induce apoptosis but will not be reported as altered in this study.
In contrast to the previous report analyzing the motor neuronal transcriptome of SOD1 G93A mice (Perrin et al., 2005) , we detected multiple transcriptional changes at the very early (presymptomatic) stages of the disease. This crucial difference may be determined by the different genetic background of the mouse models used in the two studies. The homogeneous background used in our study, in fact, greatly reduces the variability in the manifestation of the pathological signs typical of each stage of the disease. The disease onset in our strain (C57bL/6) is 75 Ϯ 3 d, and in the B6SJL-Tg(SOD1-G93A)1Gur mixed background, used in the previous report, the published dataset disease onset was at 80 Ϯ 10 d (Heiman-Patterson , 2005) . This 12.5% variability in key parameters of the murine disease may lead, in the nonhomogeneous background, to a dispersion of information, because the mice analyzed may be at different stages of motor neuron degeneration and some variation in gene expression may arise as a direct result of the mixed background.
One of the most interesting findings of our study is the increased expression of genes involved in transcriptional and translational processes as well as of those involved in carbohydrate metabolism at 60 d, suggesting the activation of a strong cellular adaptive response. Upregulation of genes involved in Krebs cycle activity and the production of ATP supports the idea that motor neurons are undergoing a massive stress and are trying to compensate with a large increase in the capacity for ATP production. Along with an increase in genes involved in the regulation of carbohydrate metabolism, increased expression of multiple enzymes involved in fatty acid metabolism was identified in the microarray analysis. Upregulation of the mRNA of the two principal proteins involved in the translocation of mitochondrial preproteins (Hsp90 and Tom20) from the cytoplasm to the mitochondrion also suggests that motor neurons, in the presence of mutant SOD1, are attempting to increase the activity of the mitochondrial machinery. Although the primary source of energy of the neuron is glucose, when this supply either is depleted or is insufficient to meet the energy demand, ketone bodies, produced systemically, can be taken up by the CNS and used by neurons in place of glucose. After several weeks of starvation, ketones become the major neuronal energy source (Levin, 2006) .
The gene expression changes in metabolic pathways identified in the present study are supported by several reports of functional metabolic studies in mouse models of ALS and human ALS patients. The reported improvement in motor performance obtained with a ketogenic diet tested on SOD1 G93A mice (Zhao et al., 2006) and the age-related reduction in adiposity observed in both SOD1 G93A and G86R mice, along with an increase in the levels of circulating ketone bodies at the early stages of disease (Dupuis et al., 2004b) , support our findings indicating activation of the fatty acid metabolism along with the carbohydrate metabolism to satisfy a higher demand for ATP synthesis. These data are also in accordance with the finding that ALS patients have been shown to be hypermetabolic (Kasarskis et al., 1996; Desport et al., 2000 Desport et al., , 2005 , despite the reduction in muscle mass that occurs during the course of the disease.
Krebs cycle activation, fatty acid degradation, and ATP production are all processes related to the production and consequent detoxification of reactive oxygen species (ROS) (Andreyev et al., 2005 ). An unbalanced ratio between these processes can lead to the accumulation of free radicals, increasing physiological oxidative stress, one of the hallmarks of ALS (Barber et al., 2006) . Previous investigations, conducted by our group in a motor neuronal NSC34 cell line stably transfected with vector expressing hSOD1 G93A, showed a general downregulation in the expression of antioxidant response proteins, the regulation of which is controlled by the nuclear factor erythroid 2-like 2 (Nrf2) (Kirby et al., 2005) . It has also been reported that, in the spinal cord of SOD1 G93A rats, the Nrf2 nuclear level is increased in reactive astrocytes, and its activation in in vitro coculture has beneficial effects on motor neuron survival . In our study, we could not detect altered expression of Nrf2 or key Nrf2-regulated genes (e.g., quinone oxidoreductase, glutathione S-transferase). However, evidence shows that astrocytes have a higher antioxidant potential compared with neurons (Shih et al., 2003) , which may lead to the hypothesis that, to face the increase in the oxidative stress, motor neurons rely on astrocyte activation and support . The evident need of motor neurons for molecules capable of responding to the oxidative insult represents another possible therapeutic approach.
Another key finding of the present study is the downregulation of the ATP synthase ␦ subunit at the presymptomatic stage of the disease. Decreased expression of this gene has also been reported in human ALS (Dangond et al., 2004) . The transcription factors and the mechanisms directly involved in the transcriptional regulation of this subunit are still unknown. Nevertheless, one report showed that Atp5d is copper sensitive (Chen et al., 2002) and a low concentration of mitochondrial copper can lead to its downregulation without altering the expression level of other subunits of the respiratory chain. This characteristic might affect Atp5d regulation in SOD1-related cases of ALS, in which altered affinity of mutant SOD1 for copper has been described (Watanabe et al., 2007) . Atp5d has a crucial role in the ATP production process at the end of the mitochondrial respiratory chain. In yeast, partial depletion of the ATP synthase ␦ subunit can lead to a massive proton leak across the mitochondrial inner membrane, without affecting the ATP synthase complex structure (Duvezin-Caubet et al., 2003) . This change represents a potential mechanism for the early generation of motor neuronal oxidative stress (Fig. 3A) . Because these alterations occur at the very early stages of disease, finding a way to supply energy to motor neurons, to ameliorate their pathological need for increased mitochondrial respiratory chain activity, or to upregulate the expression of the key mitochondrial ATP synthase protein subunit Atp5d may represent logical approaches in the therapeutic protection of motor neurons. Our data demonstrate that this observed early upregulation of genes related to mitochondrial ATP production markedly decreases in the late stages of motor neuron injury. This observation is in accordance with previously reported functional studies of the activities of the mitochondrial respiratory chain showing a striking decrease in respiratory chain activity in the spinal cord of ALS patients (Wiedemann et al., 2002) , in a motor neuronal cell model stably transfected to express mutant SOD1 at levels equivalent to those seen in human ALS (Menzies et al., 2002) and in a transgenic mutant SOD1 mouse model at the symptomatic and late stages of disease, but not at the presymptomatic stage (Mattiazzi et al., 2002) .
Consistent with results obtained by Perrin et al. (2005) , vimentin was increased at all stages, including the presymptomatic stage. Vimentin is an intermediate filament playing an important role in the retrograde transport of mitogen-activated protein kinases in the presence of injury signals (Eran Perlson, 2005) and cytoskeletal organization in both physiological and pathological conditions (Helfand et al., 2004) . The increase in vimentin, along with the increased expression of kinesin 1b and 5b (responsible for the anterograde transport through the axon), is There is upregulation of the transcriptional machinery, along with upregulation of translation-related ribosomal and folding proteins, as the motor neuron attempts to compensate for the ongoing cellular stress. All these mechanisms require ATP, provoking a massive increase in the work load of mitochondria, leading to upregulation of carbohydrate metabolism and respiratory chain activity, which in turn causes increased ROS production. The observed imbalance among the subunits forming the ATP synthase complex, shown by downregulation of the ␦ subunit, will generate additional 4 oxidative stress, with consequent production of oxidized proteins. These are then ubiquitinated and targeted for proteasomal degradation. B, Over time, the accumulation of damaged proteins and ROS is likely to cause a general collapse in cellular functioning, leading to downregulation of the compensatory pathways previously activated and leaving the cell with decreased energy and protein turnover. The cell increases protein degradation functions, with activation of the lysosomal machinery. Production and secretion of some subunits of the complement cascade are important signals of cellular stress for neighboring cells. The final abortive attempt at survival comes through activation of the cell cycle, with upregulation of cyclin L1 (involved in the transition from the quiescent state, G 0 , to the first phase of the cell cycle, G 1 ) and cyclins D2 and E2 (involved in the progression of the cell cycle through G 1 phase). The upregulation of cyclin I suggests that motor neurons are trying to exercise negative control on the transition between the G 1 and S phase to prevent the abnormal progression through the cell cycle. Atf4, Activating transcription factor 4; Atp5a1, ATP synthase F1 complex ␣1 subunit; Atp5d, ATP synthase F1 complex ␦ subunit; Cct4, chaperonin subunit 4; Ctsz, cathepsin-Z; Eef1, eukaryotic translation elongation factor 1; Eif3, eukaryotic translation initiation factor 3; Hsp, heat shock protein; Lyz, lysozyme; Lzp-s, P-lysozyme structural; Mdh1, malate dehydrogenase 1; Ndn, necdin; Psmc6, proteasome 26S; Rpl, ribosomal protein L; Sdha, succinate dehydrogenase complex subunit A; Taf9, transcription activator factor 9; Tcerg1, transcription elongation regulator 1 (CA150); Tgfb1i4, transforming growth factor ␤1-induced transcript 4; Ube1c, ubiquitin-activating enzyme E1C; Uble1b, ubiquitin-like activating enzyme E1B; Usp36, ubiquitin-specific preotease 36; H ϩ , hydrogen ion; TCA, tricarboxylic acid.
consistent during the progression of motor neuron injury. In contrast, the cytoplasmic light chain of dynein, which is involved in retrograde transport along the axon, shows a consistent decrease of 2-fold at the symptomatic stage and of 2.6-fold at the late stage of the disease, although these alterations were not confirmed by Q-PCR (Table 2) . These gene expression changes could underlie a dysregulation in the balance between anterograde and retrograde axonal transport functions. Upregulation of the KIF family has been reported in other studies (Dupuis et al., 2000) and may occur as a compensatory response to the impairment reported in fast anterograde transport observed from the presymptomatic stage in the G93A mouse model (Warita et al., 1999) . The observed downregulation of dynein, on the contrary, is consistent with functional data showing progressive reduction in the activity of this protein, related to consequent muscular weakness in the G93A mouse model (Ligon et al., 2005) . Interestingly, cytoplasmic dynein and kinesin are involved in a specific and direct interaction, which may have a role in regulation of the coordination of anterograde and retrograde transport (Ligon et al., 2004) . To underline the ongoing axonal impairment, there is the dramatic downregulation of plexin. The plexin family is a very large group of proteins involved in many cellular events, including axonal repulsion, axonal attraction, cell migration, axon pruning, and synaptic plasticity (Waimey and Cheng, 2006) . They participate in nervous system development, guiding synaptogenesis and formation of neuromuscular junctions at the embryonic stage through pruning of excessive axon terminal branches (Luo and O'Leary, 2005) . After their initial formation, synapses are continuously modified throughout life, and plexins play a fundamental role in synaptic plasticity (Waimey and Cheng, 2006) . Downregulation of Plxdc1 throughout the disease, from the presymptomatic stage, may indicate deficient capacity for axonal guidance and limited synaptic plasticity, which could be a cause or consequence of axonal transport impairment.
The relative paucity of gene expression changes observed at the 90 d time point, associated with the onset of motor weakness, may be the result of the presence in the spinal cord of cells at different stages of degeneration, producing an overall balance in the detection of transcripts related to the pathways activated at this stage. After this phase, the late stage of the disease is characterized by the downregulation of many genes that were upregulated at the presymptomatic stage (Fig. 2) .
At 120 d, for example, genes regulating translational and transcriptional processes are generally downregulated, as well as genes related to protein folding. The protein degradation system is still partially upregulated with increases in lysosomal-related proteins cathepsin B and Z. However, whereas at the early stage of the disease increased expression of the ubiquitin-proteasome system was detected, at the late stage, the activation of cathepsins is predominant (Fig. 3B) . Cathepsins are cysteine proteases involved in the activation of the endosome-lysosome system, which has been reported in the late stages of several neurological diseases (Mantle et al., 1995; Kikuchi et al., 2003) .
A striking feature of the 120 d time point is the number of genes differentially expressed that are involved in the immune response. Some of the genes showing increased expression belong to the first steps of the complement activation pathway, supporting findings reported by Goldknopf et al. (2006) of complement subunits present in the serum of ALS patients as biomarkers of disease. Although the activation of this pathway in ALS is already known, our study shows that, surprisingly, motoneurons can actively contribute to the enhancement of the complement cascade through production of the subunits activating the entire pathway (i.e., C1q and C4). Synthesis of complement subunits by neurons has been previously reported in other neurological disorders (Gasque et al., 2000) . Nevertheless, this is the first time that this mechanism is reported in ALS. In fact, complement cascade activation has always been attributed exclusively to astrocytes, microglia and T-cells (McGeer and McGeer, 2002) . Inhibition of complement could be a potential target to reduce the negative effect of the inflammatory cascade and ameliorate motor neuron injury. In fact, other therapies aiming to reduce the inflammatory cascade have been successful in the G93A mouse model (Kriz et al., 2002; Zhu et al., 2002; Klivenyi et al., 2004) Also of interest at the 120 d time point is the increased expression of cyclin family members, including cyclins D2, E2, I, and L1 (Fig.  3B ). This result is surprising considering that the cell population analyzed is composed of motor neurons that are postmitotic. Nevertheless, there are many reports highlighting cell cycle dysregulation as a common feature associated with neuronal death in diseases such as ataxia-telangiectasia and Alzheimer's disease (Herrup and Busser, 1995; Liu and Greene, 2001; Afroze et al., 2003; Ranganathan and Bowser, 2003; Yang and Herrup, 2005) . In ALS, some evidence has been provided of cyclin system dysregulation in postmortem human brain and spinal cord (Nguyen et al., 2003) . Within this group of genes, there is early upregulation of cyclin I, D2, and E2, which are significantly differentially expressed from the 60 d time point (as revealed by Q-PCR). In particular, cyclin I, along with cyclins G1 and G2, is expressed in terminally differentiated tissues including brain and muscle, suggesting that its task is to keep the cells in a quiescent state. Its increased expression, along with the increased expression of Ppp3ca at 90 d, seems to be related to G 1 /S phase cell cycle arrest (Bennin et al., 2002) . Cyclins D2 and E2 are involved in progression through the G 1 phase. Moreover, cyclin D2 expression has been shown to be specific for the regulation of the cell cycle in adult neurons, compared with cyclins D1 and D3, which are also involved in neonatal neurogenesis (Kowalczyk et al., 2004) . The increased expression of the cyclin system at the late stage of disease suggests a possible mechanism for motor neuronal death in ALS, with cell death resulting from an unsuccessful attempt to re-enter the cell cycle (Becker and Bonni, 2004) (Fig. 3B) . In this case, drugs directed toward the inhibition of the cell cycle may be of value to counteract the selective motoneuronal death characteristic of this disease, as suggested by in vitro studies on nontransgenic motor neurons (Appert-Collin et al., 2006) . In summary, this gene expression profiling study shows that motor neurons isolated from the spinal cord of SOD1 G93A mice, in the presymptomatic stages, try to respond to the ongoing stress by upregulating several pathways (e.g., metabolism, transcription, and protein synthesis) to compensate for the impairment or damage produced by the toxic gain of function of mutant SOD1. Increased energy (ATP) production is required to sustain all these mechanisms. The compensatory mechanisms to increase ATP production are likely to be associated with a high rate of ROS production with amplification of the oxidative damage. The upregulation of the ubiquitin-proteasome system is in keeping with this proposed pathophysiology. The cellular oxidative stress is likely to be further exacerbated by the observed downregulation of the ␦ subunit of the ATP synthesis complex, which may result in additional perturbation of mitochondrial function and ROS generation (Fig. 3A) . The equilibrium between dysfunctional changes and compensatory changes seems to be balanced in the first stage of the disease, but later in the disease course, the compensatory mechanisms fail. At this stage, there is inability to handle the rising cellular stress and activation of the complement cascade, which is an important signal for neighboring cells. A last desperate attempt to survive is the unsuccessful reentry into the cell cycle, with activation of a mechanism that will inevitably cause cell death (Fig. 3B ).
In conclusion, our study highlights important changes in cellular pathways occurring at specific time points during SOD1-related motor neuron injury. Our findings indicate that several potential therapeutic interventions may be helpful in the neuroprotection of motor neurons at the different stages of the disease. One potential approach could be the provision of a diet designed to supply a balanced combination of substrates for the mitochondrial machinery, to respond to the requirement of motor neurons under stress for ATP. In addition, therapies aimed at supporting the translocation of mitochondrial preproteins to the mitochondrion, enhancing the capacity for ATP production, and supplementation of antioxidant compounds, aiming to reduce mitochondrial oxidative stress, are likely to help the adaptive response of injured motor neurons. Another possible target could be inhibition of the complement cascade, aiming to reduce the inflammatory response activated in the nervous system of ALS patients (Graves et al., 2004 ). An additional potential approach may be tissue-specific delivery of drugs able to inhibit either the re-entry into or the progression of the cell cycle, which seems to be a molecular signature of late-stage neuronal injury. Because of the complexity of this pathology and the number of mechanisms involved in motor neuron degeneration, a combination of multiple drugs, directed toward different pathways, is likely to represent the most promising neuroprotective strategy.
